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Abstract: A multifunctional surface that enables control of wetting, optical reflectivity and 
mechanical damage of nanostructured interfaces is presented. Our approach is based on imprinting 
a periodic array of nanosized cones into a UV-curable polyurethane acrylate (PUA), resulting in a 
self-reinforcing egg-crate topography evenly distributed over large areas up to several cm2 in size. 
The resulting surfaces can be either superhydrophilic or superhydrophobic (through subsequent 
application of an appropriate chemical coating), they minimize optical reflection losses over a broad 
range of wavelengths and a wide range of angles of incidence, and they also have enhanced 
mechanical resilience due to greatly improved redistribution of the normal and shearing mechanical 
loads. The transmissivity and wetting characteristics of the nanoscale egg-crate structure, as well as 
its resistance to mechanical deformation are analyzed theoretically. Experiments show that the 
optical performance together with self-cleaning or anti-fogging behavior of the inverted nanocone 
topography is comparable to earlier designs that have used periodic arrays of nanocones to control 
reflection and wetting.  However the egg-crate structures are far superior in terms of mechanical 
robustness, and the ability to replicate this topography through several generations is promising for 
large-scale commercial applications where multifunctionality is important. 
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1. Introduction 
Control of interfacial physical phenomena across multiple modalities, for example optical reflection 
and surface wettability, is increasingly important both from the point of view of fundamental 
understanding of interfacial properties and of course for engineering applications. For example, 
eliminating reflection at an air-glass interface increases the efficiency of light-harvesting devices 
and display devices.[1] These same surfaces must also meet stringent requirements of anti-fogging 
due to condensation or, in other cases, must be self-cleaning to avoid accumulation of dust and 
other particulate contaminants with low risk of mechanical damage.[2] In the former case, 
superhydrophilicity of the surfaces prevents fogging by rapidly wicking deposited droplets into the 
surface texture and transforming them into a thin uniform layer of water that rapidly evaporates;[2c, 3] 
whereas in the latter case, superhydrophobicity helps to remove dust from the surface through the 
action of water droplets that collect the dust particles and then roll off carrying particulate matter 
with them.[4] These behaviors are often referred to as “anti-fogging” and “self-cleaning,” 
respectively.[5] 
Engineered surfaces that combine these modal responses are commonly referred to as 
“multifunctional,” and considerable research effort has been invested in their design, fabrication, 
replication, and characterization.[6] Such surfaces are commonly encountered in nature as observed 
for example in the anti-reflectivity of moth eyes[7] and the super-hydrophobicity of lotus leaves that 
in turn enables self-cleaning.[2a-c, 8]  
Recently, we have developed a biomimetic multi-functional silica surface by utilizing a square 
array of slender tapered nanocone structures with pitch of P ≈ 200 nm and an aspect ratio (defined 
as the ratio of nanocone height to pitch) of H/P ≈ 5. We demonstrated broadband (400 nm ≤ λ ≤ 
1200 nm) omnidirectional (0° ≤ θincidence ≤ 75°) anti-reflectivity and robust superhydrophobicity. We 
also quantified the anti-fogging behavior resulting from the superhydrophilicity of the same 
nanotextured surface, by employing the intrinsic hydrophilicity of glass.[6c] From the point of view 
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of optical behavior, the nanocones act in a similar way to an anechoic chamber, providing adiabatic 
impedance matching between the air and the glass and thus significantly reducing Fresnel reflection 
losses. When exposed to water vapor, the nanocone structures exhibit superhydrophilicity due to the 
hydrophilic nature of glass in conjunction with high surface roughness arising from the steep 
nanocone structure. This promotes the rapid formation of a thin conformal film of water instead of 
the familiar condensation droplets that result in excessive scattering. Conversely, 
superhydrophobicity can also be achieved on the same textured surface when combined with an 
additional hydrophobic coating (e.g. fluorosilane) resulting in a self-cleaning surface.[5a] 
With regard to quantifying performance, we demonstrated that a single figure of merit: i.e., the 
nanocone slenderness, or height-to-pitch aspect ratio (H/P), suffices to characterize both behaviors. 
The taller the cones and the smaller their diameter, the more gradual the adiabatic refractive index 
transition is and the more removed the reflection becomes from the diffractive regime; both 
qualities contribute to reducing reflection and scatter from the surface. Slender nanocone structure 
(H/P >>1) combined with a small hemispherical tip radius (Rtip ≅ 17 nm) leads to high Wenzel 
roughness (rW ≅ 9.7).[2c] When combined with a suitable fluorinated chemical coating, the high 
aspect ratio of the features and the small area fraction of the conical tips promote development of a 
very stable superhydrophobic Cassie-Baxter state with very low contact angle hysteresis.  
However, the slender mechanical structures of needles and nanocones are subject to high risk of 
mechanical damage. As one would intuitively expect, and as we verify with detailed numerical 
calculations below, the slender nanocones are very sensitive to damage from stresses arising from 
external loading through direct mechanical contact or capillary action.[9] Lack of mechanical 
robustness makes transparent nanocone surfaces inappropriate for several applications of 
importance, for example surfaces of personal digital assistants (PDAs) or cell phones that are 
subject to repeated shearing and normal loads due to finger-swiping motions by the user.  
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Here, we utilize a square array of inverted nanocones, which we refer to as nanoholes arranged in 
“egg-crate structures” on a substrate[10] to achieve similar anti-reflection and anti-fogging or self-
cleaning behavior. As has been pointed out in previous works employing imprint-assisted 
replication of cones into polydimethylsiloxane (PDMS),[11] the complementary topographic 
structure of nanoholes is amenable to a high throughput nano-replication method that uses an array 
of cones as a ‘negative’ master. We use our high-aspect ratio fabrication technique[6c] to make the 
nanocone masters and a UV-cured nanoreplication process on poly urethane acrylate (PUA) that 
results in egg-crate structures much harder than PDMS. The aspect ratio of the nanohole arrays we 
can achieve is approximately as high as the original nanocone structures and, hence, our 
nanoreplicas exhibit broadband optical transmissivity that is almost identical with the original 
nanocone structures, whilst still retaining anti-fogging or self-cleaning properties. The egg-crate 
topography results in a radical improvement in mechanical robustness of the nanoreplicated 
structures. In following sections we present numerical simulations of the optical, mechanical and 
wetting properties, as well as experimental measurements of the corresponding properties on 
nanoreplicated samples.  
 
2. Results and Discussion 
2.1 Numerical Models of Mechanical Robustness, Optical and Wetting Behaviors 
In this section, we first discuss quantitatively the multi-functional device aspects of the inverted 
nanocone array, namely anti-reflection and wetting, in the context of mechanical robustness. As 
briefly mentioned in Section 1, the low optical reflectivity of our design arises mainly due to an 
axially-varying effective refractive index of the tapered structures on a length scale that is below the 
wavelength of incident irradiation. The effective gradient introduced by the tapered nanostructures 
effectively eliminates the abrupt discontinuity in the refractive index at the interface between the 
substrate and air, thus suppressing Fresnel reflection. This effective gradient in the refractive index 
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is equally applicable to both of the periodic nanostructures we have described (i.e. either cones or 
holes), and in this section we show numerically that indeed they both reduce reflective losses by a 
similar extent. 
We calculated the reflection of plane waves at different wavelengths (350 nm ≤ λ ≤ 1800 nm) at 
normal incidence through the nanostructured surfaces using FDTD (Finite-difference time-domain) 
based software (FDTD Solutions 8.0). Results are shown in Figure 1A and 1B for nanocone arrays, 
as well as for the inverse geometry consisting of an array of tapered cavities. The structures were 
simulated as square arrays with pitch of P = 200 nm and varying aspect ratio (H/P). For structures 
with higher aspect ratio, anti-reflectivity on the surface is enhanced because the gradient of the 
effective refractive index becomes progressively smaller and more consistent with the adiabatic 
assumption. Especially when the aspect ratio exceeds H/P ≥ 3, the reflective loss at a zero incidence 
angle can be suppressed to less than 1% over our entire range of wavelengths used in our 
simulation.  
Turning to the wetting behavior, the tapered hole geometry resulting from the inverted nanocone 
array structure also amplifies the interfacial thermodynamic driving force that governs the surface 
wettability. This structural effect can either increase the intrinsic hydrophilicity of the untreated 
poly urethane acrylate (PUA) or enhance the Cassie-Baxter hydrophobicity of the textured nanohole 
surface after applying a fluorosilane coating (see Experimental Section for details). Figures 2A and 
2B show the resulting energy landscapes for different putative apparent contact angles (θp*) and 
vertical (z) locations of the water meniscus in the nanohole, calculated from the three-dimensional 
topography (shown in Figure 1B) and for two different equilibrium contact angles, corresponding to 
θE = 80° for untreated PUA, and θE = 120° for fluorosilane coated PUA.[12] The blue color 
represents the locus of the global minimum for the change in the Gibbs free energy density in each 
plot (See Supporting Information for details of the relevant Gibbs free energy density function), 
which predicts that the system corresponding to the apparent contact angle is thermodynamically 
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stable. The fully-wetted state and the resulting extremely low apparent contact angle of the 
untreated PUA nanostructure (θ* < 5°) can be described by the canonical Wenzel relation cosθ* = 
rWcosθE,[13] where θ* and θE  are the apparent and equilibrium contact angles for water drops on 
textured and smooth PUA surfaces, respectively, and rW is the roughness ratio between the total 
surface area and the corresponding projected area. Water spontaneously wicks into the nanohole 
geometry because the intrinsic hydrophilicity of the untreated PUA surface is amplified by the 
roughness and leads to an inwardly-directed net capillary force that acts on the curved meniscus in 
each nanohole.   Thermodynamically, the resulting water-solid interface that replaces the initial dry 
air-solid interface and the liquid meniscus has a lower total change in the Gibbs free energy 
density.[12a] The energetically favorable formation of a thin conformal film of water resulting from 
rapid wicking into the nanostructure provides the strong anti-fogging property[14] that is observed 
experimentally in section 2.2. On the other hand, the global minimum of the Gibbs free energy 
density variation for the hydrophobically-modified inverted nanocone structure predicts a 
composite or Cassie-Baxter state in which the water droplet sits partially on the peaks of the wetted 
solid texture and partially on a raft of air pockets trapped in the nanoholes. The apparent contact 
angle of the water droplet can be modeled by the Cassie-Baxter relation, cosθ* = rφφscosθE – (1-
φs),[12a, 15] where rφ = 1−π 4( )+π 2× 1− 1− z H( )2$% &' H P( )
2
+1 4  is the roughness of the actual 
wetted area and φs =1− (π 4) 1− z H( )2  is the area fraction of the water-air interface occluded by 
the texture.[12b, 15c] It should be noted that rϕ and ϕs are functions of z/H. The apparent contact angle 
of θ* = 156° resulting from the Gibbs free energy density variation calculation in Figure 2B 
matches well the experimental measurement results shown in the inset. The high feature density 
(corresponding to the number of asperities in 1 mm2) and the closed nature of the inverted nanocone 
structure lead to a highly robust Cassie-Baxter state[16] (See Supporting Information for details).  
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The enhancement in the wetting characteristics, attributed to the tapered nature of the high feature 
density η of the nanocones, improves further as the aspect ratio (H/P) increases, just as in the case 
of optical transmissivity of the nanocones.[6c] Nevertheless, there is an evident trade-off between the 
performance characteristics of these high aspect ratio and high feature density conical structures and 
the resulting mechanical robustness of the texture.  Assuming the same basal area (i.e. the same 
feature density), the more slender the cone, the smaller the maximum applied force the cone can 
resist before a critical stress for mechanical failure is attained under external loading. On the other 
hand, a square array of nanohole structures forms an egg-crate like structure, which is intuitively 
expected to withstand larger external loads, since the walls of the nanoholes abut each other in a 
two-dimensional network. We simulated and quantitatively compared both the compressive stress, 
the shear stress and the strain field resulting from comparable external forces applied to both the 
nanocone and nanohole cases using finite element method based software (ANSYS). The results are 
shown in Figure 3. In both the nanocone and nanohole geometries, the simulated geometry 
consisted of a square array with a pitch of P = 200 nm and aspect ratio of H/P = 4. The material 
(PUA) was assumed to be isotropic and perfectly elastic with modulus E ≈ 400 MPa. The external 
force applied to the nanostructured surface is set to be 4 N over a circular area with a radius of 5 
mm corresponding to an applied load of 2 pN per a single cone or hole, comparable to what might 
result from a single finger pressing uniformly on the nanotextured surface.[17] When a normal force 
is applied to the nanocone structures, the stress is clearly concentrated at the conical tips of the 
features, whereas for nanoholes the external load is much more evenly distributed over the entire 
top surface area as shown in Figure 3A; the stress is therefore lower throughout the structure. The 
maximum Von Mises stresses are σmax, shear= 50.4 MPa and σmax, normal = 44.8 MPa for the nanocones 
and σmax, shear= 1.34 MPa and σmax, normal = 1.23 MPa for the nanoholes, respectively. In particular for 
the nanocones, the maximum stress exceeds the reported bulk yield stress of the PUA material (σy ≈ 
17 MPa).[18] Although systematic scale-dependent changes in the magnitude of the yield stress in 
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nanoscale-modulated structures is a subject of open investigation,[19] reaching values of peak stress 
in the proximity of the nominal or bulk yielding value creates concern about plastic deformation, 
fracture and subsequent degradation in both optical and wetting performance. Alternatively, one 
may also look at the lateral displacement of the textured elements that comprise the multifunctional 
surface: For a nanocone structure with aspect ratio of H/P = 4, application of a 4 N shear force over 
the array results in a tip deflection of δtip = 148 nm, which is larger than the half pitch (P/2 = 100 
nm). The large shear strain is certain to lead to irreversible collapse of the periodic nanostructure. 
On the other hand, the walls of the nanohole egg-crate array exhibit a very small deflection (δ < 0.1 
nm) when subjected to the same magnitude and direction of force. In addition, unlike the slender 
nanocones, the nanohole egg-crate structures are expected to be free from buckling and collapse 
problems. 
 
2.2 Experimental Results and Discussion 
In Figure 4 we show scanning electron microscope (SEM) images of a mold of nanocone arrays 
fabricated using laser interference lithography, replicated nanohole arrays on a PUA surface and 
also second generation replicated nanocone structures on a PUA surface. The fabricated nanocone 
and nanohole arrays each have a pitch of 200 nm and aspect ratio 4:1.    
Measured transmission spectra under normal incidence for the inverted nanocone and the nanocone 
arrays are shown in Figure 5A. Measurements of the transmission spectra were carried out using a 
spectrophotometer (Varian Cary-500i) in the visible to near infrared range (350 nm < λ < 1400 nm). 
Both the tapered nanocone and nanohole arrays exhibit enhanced optical transmittance when 
compared to a flat fused silica surface over the range from 450 nm to 1400 nm due to the combined 
effects of the tapered geometry and the high aspect ratio of the features. This is consistent with the 
numerical calculations shown in Figures 1A and 1B. In Figure 5B we show the enhanced optical 
transmission (T) of the replicated egg-crate patterns at different incident angles from 0° to 80° with 
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transverse electric (TE) polarized irradiation at a wavelength of λ = 633 nm. At angles of θi = 0°, 
40°and 80°, the transmissivity of the nanohole egg-crate array is T = 95.9%, 90.6% and 40.3% 
respectively, but these values drop to T = 93.2%, 86.8% and 23.0% respectively for the flat silica 
glass. While lower optical transmission at larger incidence angles is expected for both for the flat 
surface and the egg-crate patterned surface due to the physics of reflection, the egg-crate patterned 
surface persistently exhibits higher transmissivities than the corresponding flat glass surface, even 
at very high incidence angles.  
The superhydrophilicity of the nanotextured egg-crate surface shown in the inset of Figure 2A 
results in anti-fogging behavior via the formation of a thin wetting film of water that fills the 
nanotexture and prevents the formation of micrometric water droplets on the surface that 
subsequently scatter light. The anti-fogging behavior is quantified by measuring the 0th order optical 
transmission of laser (λ = 633 nm) at normal incidence through both a nanotextured surface and a 
control surface consisting of a cleaned glass slide, each of which is exposed to a stream of saturated 
steam (flow velocity V ≅ 3 m/s and temperature of 87.6 ºC). As shown in Figure 6A, the 
nanotextured film exhibits a reduction in transmission of less than ΔT ≅ 4%, whereas the cleaned 
glass slide shows a sudden large drop of transmission ΔT ≅ 94% when placed in the stream of 
steam because light is scattered from the microscopic fog droplets that are deposited on the glass 
surface. The slow evaporation of these pinned droplets also results in a longer time to recover 
complete transmission compared to the nanotextured surface. 
The strong water-repellency of fluorosilane-treated tapered nanohole structure also confers self-
cleaning properties to these surfaces. Water droplets (V ≈ 10 μL) were dispensed every 5 seconds 
onto two kinds of samples that were inclined with a tilting angle of α = 30° (Figure 6B) and 
covered with three different kinds of common micrometric contaminants (silicon carbide, 
lycopodium spores and white sand, with average diameters of 10 μm, 30 μm and 100 μm, 
respectively). The change in the optical transmission with the number of droplets dispensed on the 
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samples is shown in Figure 6B to illustrate how easily the water droplets can remove different 
particulate contaminants from the nanotextured surfaces. When compared to the cleaned glass slide, 
the water-repellent nanotextured surface exhibits nearly no residual contaminants, and we observe 
full recovery of optical transmission after 3-5 drops of water impact the surface. 
The mechanical robustness of a PUA surface textured with the nanoholes was also tested 
experimentally. First, a tapping force of 4 N was applied to the sample along the normal and shear 
directions of the nanotextured surface through a latex rubber pad (McMaster-Carr, 85995K28) with 
dimensions 8.9 mm by 8.9 mm repeatedly. Each contact pressing consisted of 5 seconds of force 
application corresponding to an applied normal stress of 50 kPa. Figure 7A shows that there is 
nearly no degradation of optical transmission after repeated loading conditions up to 50 times. 
Alternatively pressing the sample with higher force up to 60 N through a Neoprene rubber ball 
(McMaster-Carr, 1241T4, Young’s modulus Enp ≅ 5.5 MPa, radius Rnp = 4.8 mm) resulted in small 
degradation of the sample in terms of optical transmission. Small distortions of structures at the top 
surface are observed as shown in the inset of the graph. The optical performance started to degrade 
at 60 N of loading, (corresponding to pressure of 3 MPa, calculated using Hertz contact 
pressure[20]), due to distortion of the periodicity in the hole array at the top surface, as shown in the 
inset of Figure 7B.  
 
3. Conclusion   
We have demonstrated a replication-based approach using a UV photocurable polymer capable of 
mass-producing multifunctional nanostructured films consisting of periodic arrays of inverted 
nanoholes in an egg-crate structure. These textured structures have superior anti-reflective and 
wetting properties compared to flat fused silica glass surfaces and enjoy greater mechanical 
robustness than our earlier approach.[6c] While retaining the high feature density and high aspect 
ratio characteristics of tapered nanostructures that provide multifunctional enhancement of both the 
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optical and wetting performance, the nanohole arrays also provide high mechanical robustness 
regardless of their aspect ratio via stress redistribution across a broad network of interconnected 
features. The UV replication method is compatible with large area imprint[21] or roll-to-roll 
processes,[22] offering potential advantages such as low cost and high throughput.  With such 
processes, it can be anticipated that multifunctional surfaces can be fabricated in the form of 
flexible plastic films and thus applied conformally as an adhesive tape to a broad range of materials 
such as glass, silicon and other optical plastics. The process is also compatible with curved 
substrates. These nanohole egg-crate structures and the ability to continuously manufacture 
structures using roll-to-roll process technology may offer potential for industrial applications that 
require combined control of reflectivity and wetting behavior over large surface areas, such as 
photovoltaic cells, car windshields and future touch-screen display devices. 
 
4. Experimental Section  
As a first step of the replication process, a master mold (40 mm by 40 mm) comprising of a periodic 
array of nanoconical features was prepared using laser interference lithography and subsequent dry 
etching steps with multiple shrinking masks as described previously.[6c] Using the master nanocone 
array as a negative mold for the nanohole array, the UV replication process was performed using 
the sequence of operations shown in Figure 8A. First, the master mold was placed in contact and 
pushed onto a poly urethane acrylate (PUA) prepolymer (311 RM, Minuta Tech.) dispensed via 
syringe on a glass substrate. After curing the PUA with ultra-violet (UV) light (Tamarack UV 
exposure system; with peak wavelength and intensity of 365 nm and 4.5 mW/cm2 respectively), the 
mold was carefully detached from the PUA surface. In order to enhance the adhesion between the 
imprinted PUA and the fused silica substrate, a silane-type adhesion promoter layer[23] was applied. 
Thus the periodic nanocone arrays on the mold were inversely replicated into the PUA surface, 
texturing it with a periodic array of nanoholes. This replicated egg-crate structure was subjected to 
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an additional imprint step resulting in a second generation textured PUA surface composed of 
nanocone arrays as shown in Figure 8B. This second replication was carried out in order to compare 
the topography and performance of the inverted nanocone arrays with that of the original nanocone 
arrays. In the second imprint, a PDMS anti-adhesion layer[24] was first coated on the mold surface to 
prevent the two PUA layers from irreversibly fusing into each other. Also, a vacuum-assisted filling 
process was employed when the nanohole arrays were pressed into the liquid polymer in order to 
fully fill the nanoholes with PUA prepolymer during the second imprint step.[25] To lower the 
surface energy of the nanohole arrays and make the egg-crate structure strongly hydrophobic,  
chemical vapor deposition of 1H,1H,2H,2H-perfluorodecyltrichlorosilane (Alfa Aesar, 96%) has 
carried out in an oven at 110 °C for 10 hours. 
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Figure 1. FDTD (Finite-difference time-domain) simulations of the optical performance of the 
nanostructured surfaces in the wavelength range of 350 nm ≤ λ ≤ 1800 nm at normal incidence (θi = 
0°): Contour plot of the fraction of light reflected R(λ, H/P) from surfaces textured with either (A) 
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Figure 2. Colored contour maps of the change in the Gibbs free energy density ΔG(θp*) as a 
function of the putative apparent contact angle (θp*) with a water droplet and different normalized 
vertical position (z/H) of the water meniscus in the inverted nanocone array (A) with intrinsically 
hydrophilic PUA (θE = 80°) and (B) with hydrophobic fluorosilane surface coating (θE = 120°). See 
Supporting Information for the Gibbs free energy density function. The effective apparent contact 
angle (θ*) is related to the equilibrium contact angle (θE) by the Cassie-Baxter relation that accounts 
for the solid-liquid fraction and air-liquid fraction for liquid-solid-air composite state of droplet (in 
the limit of fully-wetted state (z/H à 1), the Wenzel relation is used). rϕ and ϕs are functions of z/H. 
The insets show goniometric images of water droplets (V = 10 µl) sitting on each surface. In both 
(A) and (B), the blue color represents the locus of the global minimum in the Gibbs free energy 
density variation landscape and the corresponding apparent contact angles (θ* = θp* when ΔG = 
min(ΔG)) are in good agreement with the experimental results measured by goniometry shown in 
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Figure 3. Mechanical robustness calculated by finite element method (FEM): (A) Stress 
distribution in a nanocone and a nanohole structure (fabricated from PUA, Young’s modulus E ≈ 
400 MPa) resulting from a typical shearing or normal finger force (4 N) applied at the top over a 
circular area with a radius of 5mm. The numerical values represent the maximum Von Mises 
stresses for each case; (B) Maximum tip deflections of a nanocone and a nanohole structure (P = 
200 nm) under a lateral shearing force for different aspect ratio of nanocones and nanoholes. The 
gray shaded region indicates a tip displacement that is greater than the pitch of the nanocones.  
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Figure 4. SEM images of (A) side view of a silica mold fabricated using laser interference 
lithography. (B) Replicated inverted nanocone arrays imprinted in PUA and (C) second generation 
replicated PUA nanocone arrays. The aspect ratio of the replicated nanostructure is H/P ≅ 4 with tip 




Figure 5. Enhanced optical transmission of the nanotextured surfaces. (A) Measured broadband 
transmission over a wide range of wavelength (350 nm < λ < 1400 nm) and (B) optical transmission 
for transverse electric (TE) polarized light through the nanotextured and flat fused silica surfaces is 
measured by changing the incident angle of a laser source whose wavelength is 633 nm. At an angle 
of θi = 80°, the transmission of the nanohole array is T = 40.3%, but has dropped to T = 23.0% for 
the flat silica glass. Each angular point was averaged automatically by the power meter (Newport, 
2832-C) over 100 repeated measurements with standard deviation of less than 0.01%.  
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Figure 6. Optical transmission measurements showing (A) anti-fogging behavior of 
superhydrophilic inverted nanocone surfaces and (B) self-cleaning behavior of water-repelling 
inverted nanocone surfaces with three different types of powders coated with thickness of more 
than 0.5 mm (SiC particles, Lycopodium spores and white sand grains with average diameters of 10 
µm, 30 µm and 100 µm, respectively). The error bars were determined by repeating the 
measurements three times each; the large deviations are because of the dynamic nature of the 
measurement; the precise location of the droplet impacts, the initial uniformity of the powder on the 
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surface, and the evolution of the droplets and contaminants after droplet deposition could only be 





Figure 7. Mechanical robustness test of PUA surfaces textured with inverted nanocone arrays. (A) 
Optical transmissivity of the nanotextured surface after applying a contact force of 4 N in the 
normal and shearing directions of the nanotextured surface through a latex rubber pad (dimension 
8.9 mm × 8.9 mm) repeatedly; (B) after applying normal force through a Neoprene rubber ball 
(Young’s modulus Enp ≅ 5.5 MPa and radius Rnp = 4.8 mm) up to 60 N (Corresponding contact 
pressure ≅ 3 MPa, calculated using Hertz contact pressure).[20] The insets show the SEM images of 
the egg-crate nanotexture before and after applying the force. 
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Figure 8. Schematic representation of the fabrication process showing (A) the inverted nanocone 
arrays replicated from the original nanocone master, and (B) second generation of replicated 
nanocone arrays formed and released using an anti-adhesion layer in UV-curable poly urethane 
acrylate (PUA).[25]  
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Section 1. Computation of the change in the Gibbs free energy density for prediction of 
thermodynamic stability of wetting states and apparent contact angle on an inverted nanocone 
surface structure. 
 
The imbibition of liquid (water) into the inverted nanocone geometry used in this work leads to a 
change in the thermodynamic free energy of the liquid droplet-air-textured solid surface system. 
The gain (or loss) in the overall free energy associated with the liquid penetration[1, 2] can be 
represented in terms of a contour map (Figure 2) showing the relative value of the Gibbs free 
energy density (G*) with respect to the normalized penetration depth (z/H) and putative apparent 
contact angle (θp*).[2] It should be noted that the location (in z/H) of the lowest Gibbs free energy 
density point represents the globally stable wetting state and the corresponding value of θp* predicts 
the apparent contact angle (θ*) of a liquid droplet in the system. We employ the formulation used in 
previous studies[1, 2] and numerically compute the change in the Gibbs free energy density G* with 
respect to a reference state of G0* at z/H = 0 in consideration of an inverted nanocone geometry 
shown in Figure 1B and S1. (see the Supporting Information in the work of Tuteja et al.[2] for 
computation steps in a MATLAB® (The Mathworks Inc.) code) 
G* = γ lvπR2 (−2− 2cosθ p* − sin2θ p*(rφφs cosθ p* +φs −1)) / 4πR02         (S1)  
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R = R0 (4 / (2−3cosθ p* + cos3θ p* ))1/3             (S2) 
where γlv = liquid-vapor interfacial tension, R = radius of the drop in contact with the surface at an 
angle θp*, R0 = original radius of drop (at z/H = 0), rϕ is the roughness of the wetted area and φs is 
the area fraction of the liquid-air interface occluded by the solid texture.  
To numerically calculate φs and rϕ as a function of z/H, each actual slender nanohole is 
approximated as an inverted nanocone geometry. It should be noted that rϕφs value becomes Wenzel 
roughness (rw) when z/H = 1.  
φs =1− (π 4) 1− z H( )2               (S3) 
rφ = 1−π 4( )+π 2× 1− 1− z H( )2$% &' H P( )
2
+1 4            (S4) 
 
 
Figure S1. A schematic diagram of an inverted nanocone structure. Solid-liquid and solid-air 
interfaces are represented by cyan and red colors, respectively.  
 
 
